Some of the most basic questions of sea turtle life history are also the most elusive. Many uncertainties surround lifespan, growth rates, maturity and spatial structure, yet these are critical factors in assessing population status. Here we examine the keratinized hard tissues of the hawksbill (Eretmochelys imbricata) carapace and use bomb radiocarbon dating to estimate growth and maturity. Scutes have an established dietary record, yet the large keratin deposits of hawksbills evoke a reliable chronology. We sectioned, polished and imaged posterior marginal scutes from 36 individual hawksbills representing all life stages, several Pacific populations and spanning eight decades. We counted the apparent growth lines, microsampled along growth contours and calibrated D 14 C values to reference coral series. We fit von Bertalanffy growth function (VBGF) models to the results, producing a range of age estimates for each turtle. We find Hawaii hawksbills deposit eight growth lines annually (range 5-14), with model ensembles producing a somatic growth parameter (k) of 0.13 (range 0.1-0.2) and first breeding at 29 years (range 23-36). Recent bomb radiocarbon values also suggest declining trophic status. Together, our results may reflect long-term changes in the benthic community structure of Hawaii reefs, and possibly shed light on the critical population status for Hawaii hawksbills.
Some of the most basic questions of sea turtle life history are also the most elusive. Many uncertainties surround lifespan, growth rates, maturity and spatial structure, yet these are critical factors in assessing population status. Here we examine the keratinized hard tissues of the hawksbill (Eretmochelys imbricata) carapace and use bomb radiocarbon dating to estimate growth and maturity. Scutes have an established dietary record, yet the large keratin deposits of hawksbills evoke a reliable chronology. We sectioned, polished and imaged posterior marginal scutes from 36 individual hawksbills representing all life stages, several Pacific populations and spanning eight decades. We counted the apparent growth lines, microsampled along growth contours and calibrated D 14 C values to reference coral series. We fit von Bertalanffy growth function (VBGF) models to the results, producing a range of age estimates for each turtle. We find Hawaii hawksbills deposit eight growth lines annually (range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , with model ensembles producing a somatic growth parameter (k) of 0.13 (range 0.1-0.2) and first breeding at 29 years (range [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Recent bomb radiocarbon values also suggest declining trophic status. Together, our results may reflect long-term changes in the benthic community structure of Hawaii reefs, and possibly shed light on the critical population status for Hawaii hawksbills.
Introduction
The harvest of hawksbill sea turtles for the global tortoiseshell trade was enormous [1] with some estimates that 30 000 turtles were trafficked annually from 1950 to 1992 [2] . Few historical records exist for Hawaii, but recent analyses indicate the population was historically more abundant and geographically widespread [3] . Today, fewer than 20 females nest each year [4, 5] suggesting that Hawaii hawksbills are the smallest sea turtle population on the Earth. Like other populations, Hawaii hawksbills inhabit coral reefs and estuaries [5, 6] , and forage on sponge, algae and macroinvertebrates [7] . However, much remains unknown about the basic life history of the population, which if understood, could aid long-term conservation and restoration efforts.
This situation is not uncommon for sea turtle populations worldwide [8] . Fundamental components of sea turtle life history-such as developmental biogeography, age and fecundity-require an immense monitoring effort and are difficult to estimate empirically. Often, these metrics are inferred from empirical proxies. Such methods may involve stable isotopes, skeletochronology, morphometrics, biotelemetry and modelling [5, [9] [10] [11] [12] [13] . However, for their value to be understood, it is critically important that such proxies are independently calibrated and validated [13 -15] .
Bomb radiocarbon dating is widely used for age-validation in marine organisms. Environmental signatures of radiocarbon ( 14 C) shifted abruptly after the proliferation of thermonuclear testing in the mid-twentieth century [16] . The atmospheric diffusion of bomb 14 C generated distinctive regional & 2016 The Author(s) Published by the Royal Society. All rights reserved.
patterns of 14 C uptake in the upper ocean that are often described from hermatypic corals [17] . Such records provide a validated regional bomb 14 C series that are referenced to age long-lived fishes [18] [19] [20] and other taxa such as sponges and macroalgae [21, 22] . Recent applications of bomb 14 C dating to fish otoliths (ear stones) in Hawaii [23] are an important precedent in applying this method to sea turtles. However, unlike fish otoliths, the carbon in sea turtle tissues is dietary, meaning an offset to the bomb 14 C reference can lead to a necessary adjustment for the age calibration, as was the case with porbeagle sharks [24] . Such trophic complications have been overcome in other sharks by establishing constraints to the bomb 14 C distribution and properly quantifying the limits of 14 C reference timeline [25, 26] . Here we use bomb 14 C dating to understand the growth and maturity of hawksbill sea turtles in Hawaii. The successful application of bomb 14 C dating requires a cross section of samples from 1950 to present. In the Hawaiian archipelago, the particularly diagnostic bomb 14 C period occurred from 1955 to 1970 [23] . Immediately this presents logistical challenges as hawksbills are typically rare, and historical archives may be sparse or lack associated metadata. We therefore collaborated with a variety of institutional archives to amass sufficient specimens. We then built on previous studies [27, 28] to develop procedures to describe the chronology in the keratinized scutes-the very tissues prized in the historical tortoiseshell trade. Next, we sampled multiple growth zones in individual turtles, quantified the radiocarbon in the samples and compared the results to regional coral reference records. We generated a range of age estimates for each turtle, and applied models to estimate somatic growth and maturity. The targeted result is the novel application of bomb 14 C dating and the first such validated maturity estimates for the population. We also discuss how our results may shed light on the population trajectory of Hawaii hawksbills.
Material and methods (a) Carapace preparations
We collected hawksbill carapaces primarily through the strandings program of NOAA's Pacific Islands Fisheries Science Center (PIFSC), from the Bernice Pauahi Bishop Museum and the US Fish & Wildlife Service (Offices of Law Enforcement, Clark R. Bavin National Fish and Wildlife Forensic Laboratory, and National Wildlife Property Repository). Captive-reared carapaces were from the Hawaii Institute of Marine Biology and Sea Life Park Hawaii TM . We collected and archived all specimens as specified under the US Endangered Species Act (USFWS permit TE-72088A-0). Originating institutions provided sample metadata.
All specimens (fresh and preserved shells) were prepared to separate the scutes from adjoining tissues. To achieve degradation naturally, we enclosed carapaces individually in perforated heavyweight poly bags (ULINE TM recloseable 4 mil), and submerged in seawater for 2-7 days. Afterwards, we removed epibionts, cleaned scutes with soap and water, washed in 90% ethanol, air-dried in a fume hood and recorded morphometrics.
After examining many carapaces, and previous studies [27] , we documented the largest keratin archive was in the ultimate posterior marginal scutes (PM). For each PM, we made 1. 
(b) Microscopy and microsampling
We imaged the polished PMs with a standard microscope (scope: Olympus BX41 TM , camera: ImagingPlanet 20MPX TM , adapter: Olympus U-TVO.5XC-3, firmware: IMT i-Solution Lite) at 1.25Â magnification. This produced multiple (less than 70) images for each PM which we automated to a single mosaic using PhotoMerge w [29] . We identified the major anatomical landmarks, standardized mosaic orientation and counted growth lines (figure 1b). Moving from notch to tip, the lead author counted all apparent lines (dark b-keratin marks bounding a-keratin growth zones [28] ), occurring along the central suture (figure 1b,c). By default, we restricted line transect counts to one side of the suture, but as parallel growth occurs along either side, we allowed this to vary if the transect path passed through melanized or other indistinct regions. In either case, we followed growth trajectory contours, from the anterior to posterior, to ensure all lines present were counted once.
We used a milling device (ESI New Wave Research, MicroMill TM ) equipped with a 0.5 mm spherical carbide bur bit (Brasseler USA, H71.11.005) to sample PM growth zones for 14 wild and three captive hawksbills from Hawaii (see electronic supplementary material). We mounted polished PM crosssections onto glass slides using fine mesh double-stick tape. Similar to previous studies [23, 25] , we drilled a 1 Â 10 mm linear path along growth line contours to 1 mm depth ( just shy of specimen thickness). We repeatedly scanned the same paths at overlapping approximately 250 mm depths to obtain 1 -3 mg of powder. We sampled the outermost and intermediary growth zones as feasible. (The oldest material was unavailable for two individuals.) We stored extracted material in pre-cleaned (at 5508C) aluminium foil pouches and sent samples to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility.
NOSAMS quantified bomb 14 C content via accelerator mass spectrometry (AMS). The AMS process combusted samples, generating CO 2 , converted this to graphite and then quantified 14 C. NOSAMS reported 14 C as the fraction modern (Fm) from which we calculated D 14 C using Stuiver & Polach's [30] correction for natural isotopic fractionation. Fm is the measured deviation of the 14 C/ 12 C ratio from a 'modern' sample. This reference is 95% of the radiocarbon concentration of the NBS oxalic acid I standard (SRM 4990B) normalized to d 13 C VPDB standard (219‰) in the year 1950 [31] . Sample Fm values were corrected for isotopic fractionation using a d 13 C value either measured during AMS or as a measured value from a partitioned sample (robust and sample-specific d 13 C value). We corrected the final reported D 14 C values to the estimated year of formation. The resulting data are the best estimate of how 14 C-depleted carbon sources from hawksbill diets may be reflected in the regional bomb 14 C signal.
(c) Radiocarbon reference records
In the Hawaiian archipelago (figure 2), radiocarbon records are available from massive Porites corals at shallow-depth locations from 1893 to 2002 ( [32 -34] 2b) . From these records, we generated an ensemble radiocarbon series for Hawaii corals using a LOESS model [35] . We averaged sub-annual records to achieve a single annual D 14 C value for each site to eliminate bias from 25, 1946 Porites D When turtle collection dates are known, the newest scute material can be calibrated to the local coral D 14 C reference series. This is important as hawksbills are omnivores [4, 36] Figure 2c ) and chose those values that minimized the RMSE by comparison with validated observations. The resulting interval represents the possible dates of keratin deposition from Hawaii hawksbills, given its D 14 C value.
(d) Age estimation and growth models
Having a calibrated radiocarbon series for Hawaii hawksbills, D
14
C values from the oldest material can then be dated, and the turtle age estimated. However, a given D 14 C value may occur over a range of dates [25, 38] , some of which may represent unrealistic growth. We therefore develop growth parameter bounds from the age-to-length relationship of the VBGF:
where t 0 represents the egg incubation period, L 1 is the median straight carapace length (SCL) at first breeding [9, 39] . The somatic growth parameter, k, is fit from the age-length data. For Hawaii hawksbills, t 0 ¼ 20.17 (62.5 days) and L 1 ¼ 81.0 cm, both from empirical observations. L 1 is the median SCL of 110 neophyte nesters from Hawaii and Maui (see electronic supplementary material, [4] ). Age-length records from captive hawksbills are from PIFSC archives and published studies [40] [41] [42] [43] [44] . The VBGF relationship from captive hawksbill data sets the upper bound for k, and we fix the lower bound to 0.08 based on the literature [10, [45] [46] [47] . We generated a minimum, mean and maximum age estimate for each turtle from the D
C values and VBGF constraints. We used the above bounds for k to generate low and high estimates for birth year, and the calibrated D 14 C interval to estimate minimum and maximum formation dates for the oldest scute material. The overlap of these two ranges sets the range for birth year, which when subtracted from the collection year, are the minimum and maximum age estimates. The average of these values is the estimated mean. When L t . L 1 (3/12 turtles), the VBGF cannot be solved, and here we set L t ¼ 80.9 cm. For these turtles, the age estimates are constrained by the D 14 C values, thus generating no bias.
We solved VBGF models for captive turtles with known ages, each age estimate scenario for wild samples, and estimated the age at maturity. To aid model fitting near the origin, we supplemented the 12 wild, microsampled specimens with one hatchling (4.3 cm SCL, 0.0 years) and one posthatchling (9.2 cm SCL, 4.2 months, 95% interval 1.7-6.6 months [5] ). We fit models in RStudio [48] solving for k by minimizing the negative log-likelihood of model comparisons to the observed data (R code in the electronic supplementary material). We calculated the age at maturity, t m , for each model from L m , the length at maturity. Based on previous research [9] , we assume L m ¼ 0.975*L 1 and the complete 95% interval for t m is the 0.95 and 0.99 values of L 1 (77.0, 80.2 cm, respectively).
Results
We obtained 36 complete hawksbill sea turtle carapaces from Hawaii (23), Indonesia (6), Marshall Islands (2), Tonga (2), Australia (1), with two of unknown origin. These turtles comprised five hatchlings (4-5 cm), three individuals from the cryptic early life-history stage (14-32 cm [5] ), 19 juveniles (38-62 cm) and nine adults (72-84 cm). The recorded collection dates of these carapaces spanned 1962-2013. To document the general anatomy and growth line patterns in hawksbill PMs, figure 1 presents data from all populations. To control for potential variability between populations, we restricted the age estimates to the Hawaii samples (figures 3-5).
The number of growth lines in polished PM scute cross sections increased with carapace length, ranging from 3 to 197 (figure 1c). This relationship resembles published length-at-age relationships for sea turtles [9, 11, 15] with decreasing and eventually asymptotic growth. Model fits indicate three discrete stages at 0-45, 45-75, and greater than 75 cm (figure 1c), roughly equivalent to described hawksbill stage classes [4 -6,45,47] . These patterns suggest that scute growth lines record a standard chronology throughout hawksbill ontogeny (electronic supplementary material, table S1 details all sample metadata). C rise where constraints were the most diagnostic due to limits in the time of formation. From these values, we can assume that other measurements within and between individuals follow the trend established for determination of potential dates of formation. Using the hawksbill radiocarbon interval, figure 4 plots the chronologies from 12 Hawaii hawksbills with multiple growth zones sampled. Turtles have 2 -11 microsampled zones paralleling growth line contours ( figure 4d-o) . Newest material is datereferenced, oldest material represents the mean age estimate (given the D 14 C data and VBGF growth constraints) and intermediary zones were proportionally interpolated onto the expected D 14 C values (figure 4a -c). Figure 5 plots the length-at-age relationships for captive hawksbills and minimum, mean and maximum age estimates for wild turtles. Unsurprisingly, captive turtles grew fastest, reaching maturity in 12.3 years (range 10-15 years) with a k of 0.295 (figure 5a). We used this k value as a theoretical maximum, constraining minimum age estimates of wild Hawaii hawksbills. 
Discussion
This study uses a novel technique to assess growth and maturity of hawksbill sea turtles using carapace keratin. We present several results of interest. First, PM scutes record the chronology of growth in apparent lines, their number being proportional to turtle length ( figure 1) . Second, bomb D
14
C values from date-referenced keratin samples reflect the trophic status of hawksbills, being attenuated relative to validated coral cores (figures 2 -3) . Third, constraints from growth and D
C values provide age estimates for individual turtles ( figure 4) . VBGF models applied to various ageing scenarios yield estimates for age-at-maturity (figure 5).
Hawksbill sea turtles were uniquely exploited in the historical global tortoiseshell trade [ rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152220 carapaces contained abundant and structurally beautiful keratin (figure 1). But are scutes reliable for ageing? Otolith bones are widely used to age fishes, but are usually too small to construct a full time series within an individual [20, 23] . Humeri bones are used to age sea turtles [11, 46, 49] , but have an incomplete record as living tissue is reabsorbed. Vertebral and costal scute plates from hawksbill and other sea turtles [12, 27, 28, 50] provide insights, but demonstrate significant abrasion and tissue loss. By contrast, PMs from hawksbills are large and may contain a near-complete chronology ( figure 1b) . Here, we selected PM scutes without significant external wear or damage, which was predominantly the case. Some polished PM sagittal cross sections viewed microscopically revealed minor damage (figure 4f ) and ventral wearing (figure 4d-m). In these samples, growth zones from the dorsal section retained external layers. Although the methods we developed here may be suitable for ageing only hawksbills, the general tissue preparation and sampling procedures may be applied to other sea turtles and scute types.
The bomb 14 C dating method we employed indicates a mean maturity age for Hawaii hawksbills of 29 years (figure 5c). Recent analyses of Caribbean hawksbills suggest they can reach maturity much faster (10 years [45] , though prior estimates were higher [51] ). Owing to warmer ocean temperatures in the Caribbean [52] , we might expect comparatively slower growth in Hawaii hawksbills, as occurs in similar comparisons for green turtles [15] . A recent analysis using skeletochronology estimated Hawaii hawksbills reach sexual maturity at 17 -22 years [46] , similar to our fast growth scenario (15 -23 years) . The authors of that study obtained all VBGF parameters (t 0 ¼ 21.44 and L 1 ¼ 95 cm) from model fitting, however, where we derived values (see Material and methods). From empirical monitoring [4] , measured nesting Hawaii hawksbills are always less than 90 cm and nest incubation averages 62.5 days. Following established methods [9, 39] , we derived VBGF parameters from these empirical data. Applying empirical derivations to VBGF parameters t 0 and L 1 would likely change the skeletochronology-based maturity estimates, perhaps appreciably. Our results produced a theoretical ceiling for k from captive turtles (figure 5a, k ¼ 0.295) as well as an observed minimum, mean and maximum estimate from wild Hawaii hawksbills (0.1 , k , 0.2, figure 5b-d).
Our estimate of hawksbill maturity is also higher than the recent estimate for green turtles (24 years [15] ) which is unexpected. A recent effort estimated the VBGF k ¼ 0.173 for Hawaiian green turtles [53] -within range but above the our mean value. Hawksbills are considered faster maturing than green or loggerhead sea turtles that may co-occur in neritic habitats [45, 51] . As our results deviate from this pattern, it may suggest Hawaii ecosystems are currently unfavourable for hawksbills to thrive. To this end, historical data for Hawaii hawksbills, while limited, imply the population was significantly more abundant and widespread [3] . Dedicated monitoring further shows no significant population increases in Hawaii hawksbills from 1990 to present [4] . This is also unlike green turtles, whose nesting numbers have increased 5% annually as conservation efforts began in 1974 [54, 55] . Although they occupy similar habitats, the trophic ecology of the two species may provide insights.
One potential explanation for the observed differences between green and hawksbill turtles in Hawaii is the observed coral reef decline [56, 57] . Sponges, for example, are a preferred forage item for hawksbills [7, 36] and in other regions their population status has been linked to reef health [58, 59] . Shifts in the benthic reef community structure in Hawaii may therefore present unfavourable foraging conditions for hawksbills today. To this end, figure 3 rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152220 statistical tests that examine the probability of obtaining the observed runs of points above and below the model line formalize this observation. The number of runs (4) is on the low side of expectation for randomness (range 4-11, [60] ), but a second test for run lengths [61] 
. This is evident as the samples from the last seven years are all above the ensemble line ( figure 3 ). This pattern could result from isotopic fractionation [30] N may resolve [13] . Future analyses are required to make definitive claims regarding trophic status.
The physiology underlying keratin accretion and growth line deposition also deserves further attention. Integrating the line counts (figure 1c) with our age estimates from radiocarbon dating (figure 5c), suggests that mean deposition rates are eight lines per year (range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . While variability between individuals and geographical location are likely factors, the processes that produce growth lines appear subannual, and perhaps monthly. Future studies may address relevant sub-annual physiological processes (such as climate e.g. [52] ), and make comparisons to skeletal growth marks. From an evolutionary perspective, why hawksbills have the most massive carapace keratin deposits of all sea turtle species also deserves exploration.
Here we developed a novel technique to assess the development of hawksbill sea turtles. In doing so, we revealed a previously unrecognized clock within hawksbill carapaces (figures 1 and 4) and used bomb 14 C dating (figures 2 and 3) to calibrate its chronology. We encourage the application of these methods to hawksbill scutes from other ocean regions. Such studies may be especially aided by historical tortoiseshell specimens as such archives have great potential to address important ecological questions for sea turtle conservation. The approach we developed, using polished PM cross-sections avoids most of the stated pitfalls with tissue abrasion. Although we cannot guarantee perfect tissue retention in PMs from wild sea turtles, we expect any such influence to be negligible. Nonetheless, any effect to our results would be to increase the age that Hawaii hawksbills reach sexual maturity. This estimate (29 years, range 23-36 years) is unexpectedly high already. This delayed maturity may help interpret the lack of observed population recovery [4] and point to more fundamental challenges facing Hawaii coral reef ecosystems that could be hindering the population's long-term persistence. 
